Abstract Certain developed countries have experienced the 'peak car' phenomenon. While this remains to be confirmed longitudinally, it looks certain that future mobility in Europe and elsewhere will be shaped by a particular technological development: driverless or autonomous transport. The 'autonomous car' ignites the imagination, yet the research and debate on this topic largely focus on the 'autonomous' and not adequately on the 'car' element. Like any new technological development, autonomous transport presents ample opportunities to better our mobility system, but similarly it carries risks and can lead into a future mobility that exacerbates, rather than relieves, current deficiencies of our mobility systems, including its high carbon and high cost characteristics. Now it is high time to explore these, before we lock ourselves into the autonomous car future. Using Low Carbon Mobility (LCM) as a guiding framework to assess mobility patterns and based on an extensive literature review, this paper aims to explore where there is a gap between the likely and desirable outcomes when developing the autonomous car and suggest how we might reduce it. Moreover, enhancing on global empirical evidence and forecasts about the opportunities and threats emerging from ICT deployment in transport and initial evidence on the development of the autonomous car, the paper concludes that a desirable outcome will only come if technological development will be accompanied by a social change. A change where public and sharing will be seen as superior to private and individual transport, could make the autonomous car a blessing.
Introduction
The 'peak car' phenomenon caught the transport and mobility research community by surprise. In several countries, travel surveys at national level suggest that car use in recent years has stopped growing and even declined [1, 2] , including countries such as the US which is the champion of private car reliance. Other countries where such a phenomenon has been observed include France, Germany, Great Britain, Japan and Norway. Researchers are beginning to recognise a drop in licensing in Australia, North America, Japan, and most of Europe and are pondering the implications of this for future mobility trends and for current transport policy [3] (see also Special Issue of Transport Reviews, Vol. 33 Is. 3).
Even if still limited to relatively few countries and a trend spanning a relatively short period of time (10-20 years) , the observed changing propensity of people to drive can mark a dramatic change in the way we as a society prefer to move. Stokes [4] argues that given what is known about 'peak car' we cannot forecast with any certainty future levels of car use, and a number of different futures are plausible, which could lead to a rise, a fall, or stability in levels of car travel. While intriguing, the 'peak car' phenomenon, especially in the countries already experiencing it, is likely to be a short lived phenomenon due to an imminent development in transport technology, which will mark the next transport revolution. 1 This new technology is the Autonomous Vehicle (AV), also known as the self-driven or driverless car.
According to the US Department of Transportation's National Highway Traffic Safety Administration (NHTSA): Bself-driving vehicles are those in which operation of the vehicle occurs without direct driver input to control the steering, acceleration, and braking and are designed so that the driver is not expected to constantly monitor the roadway while operating in self-driving mode^ [6] . Their automation can be defined according to five levels (see [6] for details). Currently we are at levels 2-3 but the vision is to reach level 4 within the next two decades and this forms the basis of this paper. In this context, it is important to understand that for a vehicle to qualify as fully autonomous, it should be able to navigate itself in real traffic within roads which have not been specifically adapted for its use, but this does not mean that there will not be broader modifications to road infrastructure to accommodate the AVs. Through the use of V2I (vehicle-to-infrastructure) 2 and V2V (vehicle-to-vehicle) 3 communication which will require adaptation of both road infrastructure and vehicles, AVs will be able to navigate in complex urban environments.
Given the fact that 54 % of the global population currently lives in cities and is responsible for 64 % of total kilometres travelled or 10 billion trips daily, along with the projection that 66 % of the global population will live in cities by 2050 increasing urban kilometres travelled threefold [2, 8] , the AV is in every aspect a 'game changer' that can modify beyond recognition our transport and mobility system and as a consequence our life. Combined with the 'peak car' phenomenon, which can for example be observed in London, where private transport mode use has peaked around 2001 and has been decreasing since [9] , AVs could further secure-even enhance-private car mobility by navigating autonomously within our cities 4 . At the same time, AVs offer a unique opportunity to de-privatise car use. We see the former option as a curse and the latter as a blessing and debate them from different perspectives in this paper. Society in general and transport planners in particular must prepare for the forthcoming era. During these preparations there are choices to be made and there are opportunities to seize, alongside many pitfalls to avoid. This paper adopts Low Carbon Mobility as the theoretical framework to achieve its objective, employing an extensive literature review and a contrast of the likely and desirable outcomes of a mobility system relying on AV technology.
The remainder of the paper is structured as follows: the second section provides background facts and reviews contemporary schemes along with an overview of potential challenges to be faced by the automotive industry; the third section summarises benefits and threats of AVs deployment, whilst the fourth section provides evidence from London regarding approaches and attitudes towards compact urban development and electric or shared vehicles. This paves the way for the fifth section which elaborates the key argument of this paper shedding light on whether the autonomous car is a panacea or not, distinguishing likely from desirable outcomes and offering recommendations for policy makers, practitioners as well as suggestions for future research.
The wider context surrounding autonomous cars
Moving towards low carbon mobility Our mobility can be described as high-carbon, where carbon serves as a proxy to a wide range of environmental impacts associated with the way we travel and other negative conditions such as obesity and sedentary lifestyle inherited by our reliance and use of the private car. Low carbon mobility, on the other hand, is defined as mobility that results in substantially lower levels of carbon emissions and can be considered as the ultimate goal for transport policy, planning as well as research [10] . Hardly anyone will argue against the need to move towards low carbon mobility, but there is hardly any agreement on the optimal way to achieve it.
Givoni [11] suggests three generic pathways to reach low carbon mobility (summarised below and in Table 1 ) and these can also be seen as three different contexts to adopt and absorb AVs into the transport system. The assumptions underpinning the suggested pathways are that the current high carbon mobility can be explained as follows: governments' key concern is to secure economic growth; investment in transport infrastructure is believed to be a key factor in facilitating such growth; and currently an increase in demand for transport (freight and passenger) is directly linked with increasing emissions. In principle, to achieve low carbon mobility these three elements (economic growth, demand for transport, and emissions from transport) need to be decoupled.
Currently the AV, and most of the research surrounding it, is probably the most outstanding example of Pathway A, where all efforts are focused on technological developments to decouple mobility from emission of Green House Gases (GHG) and air pollutants. Even if the AV technology as such is not addressing the environmental impact of transport, it is seen as offering the possibility to 'green' transport (see 1 A substantial change in the way we travel and move freight that takes place over a relatively short period of time, about 25 years [5] . 2 BV2I is the wireless exchange of critical safety and operational data between vehicles and highway infrastructure, intended primarily to avoid or mitigate motor vehicle crashes but also to enable a wide range of other safety, mobility, and environmental benefits^ [7] .
Benefits and threats of future mobility patterns section for more elaboration). In Pathway B, low carbon mobility is achieved by decoupling economic growth from the demand for transport-largely by focusing on localization and on reducing distances travelled (the global element of society will remain-hence glocalization). Since accessibility may be increased either by increasing velocity (i.e., quicker access to destinations) or proximity (i.e., closer location of destination), it is obvious that corresponding decisions can lead to different outcomes. In the US for example it has been found that solely by doubling urban density within metropolitan regions, vehicle kilometres travelled (VKT) can be reduced by up to 25 % if employment locations are also concentrated spatially [12] . Therefore, a new lifestyle approach is advocated in Pathway C, which questions the merit of constantly pursuing economic growth. Focusing instead on improving well-being, which means decoupling wellbeing from economic growth, can act as the means to secure low carbon mobility.
The LCM framework corresponds well with the automobile dependence and 'peak car' arguments [3, 13] , which promote a paradigm change in transport planning. The 'peak car' theory suggests that Btrends in car ownership and use in developed economies […] have passed a turning point and are now in long term decline^ [14] . Metz [15] stated that urbanization and socio-demographics will play a key role in the future determining car use as showcased in developed cities which have reached that level, for example London. Focusing on developed countries with available data, only Finland, Israel and The Netherlands experienced small increases (<1 % annually) in the driving license registrations of young people, whereas all other developed countries experienced decreases [16] . Ageing and the role of young adults at an age eligible to acquire a driving license are key factors influencing synchronous trends in France, Germany, the US and the UK, and will continue to do so in the future [17, 18] . Despite it being unclear why the 'peak car' phenomenon is observed in developed countries whilst developing countries are projected to increase their car ownership levels ( Fig. 1) , it is certainly clear that AVs have the potential to revert such trends and reintroduce car use for all age groups irrespectively on whether they own a license or not [17, 20] . How the latter trend is managed in the future could alter car traffic forecasts currently based on the 'predict and provide' model and have a substantial impact on car use. In trying to explain 'peak car', attention seems to focus on lifestyle and attitudinal factors [3] , and this is likely to be critical in aligning the likely and the desirable outcomes of the development of the AV.
The AV's anticipated potential
The potential annual quantified benefits from the use of AVs has been estimated at US$1.3 trillion 5 for the USA, which will come from productivity gains (US$507bn), reduction in accident costs (US$488bn),fuel cost savings due to route optimization (US$158bn), reduction in congestion related fuel loss (US$11bn). This equals around 75 % of the total transport related GDP according to the United States Department of Transportation. Such savings could generate funds to be used for other policy aims since they could reach 8 % of US GDP. Extrapolated at a global scale, this could yield global annual savings of US$5.6 trillion. Of equal importance could be the productivity gains which could be over US$500 billion annually since total time spent driving in the US is around 75 billion hours per year [21] . Reductions in transport costs of about 90 % have been cited in the past [22] , so such figures may be remarkable but not surprising.
This anticipated potential has triggered global interest about AVs and autonomous cars in particular. Suggestions vary from conceptual ones such as SuperLev [23] to experimental ones such as the Google self-driving car and initiatives to date including some pilot vehicles. SuperLev is an innovative suggestion simulated in Brazil which aims to make autonomous public transport more convenient and user friendly. It consists of a system of autonomous vehicles which travel in a group similarly to a train to achieve aerodynamic efficiency, but they can leave the group moving in separate directions at particular points on the main line. Travel speed can be up to three times higher compared to conventional rail services, whereas infrastructure costs would be three times less than conventional underground rail services. It is based on the application of superconducting levitation by the use of contactless mechanical components which convert torque into movement through magnets [24, 25] , and it increases efficiency while reducing fuel consumption and emissions. Ultimately, its gains are achieved by allowing vehicles to travel together while still having the autonomy to reach specific destinations individually [23] .
Equally futuristic plans were in place for the new city of Masdar in Abu Dhabi where the 2getthere 6 Personal Rapid Transit (PRT), 7 one of the first forms of autonomous public transport realised, was initially planned to be used across the city. Yet, due to the global economic crisis and after revisiting transport plans and requirements for grid connected vehicles [27] , the plan was amended to offer PRT only as a pilot scheme, but there is still a commitment to deliver a public transport fleet serving the city centre which will only use 'clean' energy [28, 29] . Despite the first PRT having been introduced in Morgantown, West Virginia in 1975, it is only in the past few years that three small test schemes have been launched in Masdar, Heathrow airport and Suncheon in South Korea [30, 31] . Following this trend, a 6-month pilot scheme has been launched in The Netherlands in 2015 linking Ede train station with Wageningen University [32] , whilst LUTZ has been launched in Milton Keynes [33] and GATEway has created a consortium of local authorities, companies and research institutions to explore the technological, cultural, societal and legal challenges of AVs in Greenwich [34] . Similarly, Gothenburg aims to have 100 self-driven cars in 2017 through Drive Me. Consequently, it is apparent that AVs have a significant potential which is already being tested worldwide.
While not questioning the merits of the above estimates and research, there is a need to be aware of a technological optimism bias [35]-in part influenced by commercial opportunities-and acknowledge risk and uncertainty, in large parts stemming from likely unintended effects (see section Choosing between the blessing and the curse).
The industry perspective
As anticipated, the automotive industry could be transformed within the next decade due to this evolution, so corporations have also been exploring autonomous mobility. Interestingly though, those focusing on autonomous cars vary significantly, from traditional car manufacturing firms (e.g., Audi, Renault, Volkswagen, Volvo) to newly established ones manufacturing electric cars (e.g., Tesla) or global software firms (e.g., Apple, Google) with no prior experience in this industry. Expectations at the moment are for fully autonomous cars to be deployed after 2019 [36] [37] [38] [39] .
It appears that future cars will consist of two major components: hardware and software. Integrating processes, assembling materials and providing user support could resemble the contemporary format of the Information and Communication Technology (ICT) industry, e.g., smartphones [21] . The software element explains the rationale behind autonomous car initiatives by software corporations, but it also highlights the need for common international frameworks, first to test such vehicles and then to make them available for public use. Coordinating diverse objectives and at the same time meeting wider policy targets arises as future challenges [17, 40] .
Finding solutions to such challenges is of high importance since widespread use of AVs can trigger innovation in other industries too, such as sensor use, semiconductors, computer Fig. 1 Global passenger car ownership trends-Source: [19] 6 2getthere had served more than a million passengers in 2014. More information about PRT in Masdar available here: http://www.2getthere. eu/projects/masdar-prt 7 PRT is one of the first AV forms operationalized and it is a good choice to test it in the Middle East, since religious and/or cultural reasons justify currently the need to travel in small groups. According to ATRA [26] , Personal rapid transit systems attempt to eliminate negative impacts of time delay and emissions due to regular public transport stops and acceleration/deceleration by moving non-stop small groups of travellers in automated vehicles on fixed tracks. When NHTSA Level 4 automation of AVs will be available (which is a key assumption of this paper), PRTs will be ahead of the SuperLev suggestion i.e., travelling solely on fixed tracks and will be able to move anywhere within the transport network.
vision, 3D measurement, remote control algorithms, and human gestures tracking. Thus, autonomous systems including AVs have been included in the 'eight great technologies' of manufacturing in the UK [41] . More broadly though, there are potential impacts on several auto industries. Freight transport will be among the 'early adopters' of AVs and a conservative estimate of the respective benefits to this industry is US$168bn annually, whilst TV media and telecommunication industries are also anticipated to benefit [21] . It is crucial to stress here though that regional, national and international subsidies offered for car manufacturing and car use, namely export and fuel subsidies, could be diverted to target AVs and facilitate their wider use. Nonetheless, the market structure can affect outcomes, depending on whether it is a private monopoly, perfect competition or publicly supplied [42] . At the same time, especially from the low carbon mobility perspective, it must be questioned if such subsidies should not go elsewhere in the transport system (e.g., subsidizing electric bicycles) or even other sectors (e.g., health, education). Nonetheless, how this can be achieved remains a challenge since oil rich countries still subsidise-with over US$291 billion per year globallyfuel use, heavily benefitting (61.3 %) the top income quintile [2] . To address such challenges, it has been proposed in the UK to introduce a Minister for driverless cars as responsibility is currently shared among two Ministers. Moreover, a national strategy of deployment assessing wider impacts through pilot trials in Bristol, Coventry, Greenwich and Milton Keynes has been established, which will augment collaboration between industry, academia and government agencies [43, 44] . Individual states are leading change in the US, with four states aside the District of Columbia having introduced legislation allowing AVs on their roads [45] and opening up opportunities for the global automotive industry. The fundamental question still pending though is what the main benefits and threats of investment in AVs are, and how these are shared across society.
Autonomous cars might be 'green', mainly by being 'electric' thus an important contributor to low carbon mobility. However, even if this is a possible and most desirable outcome, it is by no means guaranteed, although it is often taken for granted. Developing the Electric Vehicle (EV) technology, even if done in parallel to the development of AVs, is a fundamentally different technology and a different technological development trajectory that has its own formidable challenges. It might align, or it might not, with AVs' development. Thus, it might turn out to be that the autonomous car will not be electric-an outcome most likely determined by the industry. If we assume that the autonomous cars will be electric, the source of electricity used to power them may not be from an environmentally friendly source. Likewise, electric cars' battery autonomy 8 and safe disposal at the end of battery life are contemporary concerns of the automotive industry. Finally, vested interests and fossil fuel subsidies may distort markets [2] and the potential uptake of such otherwise environmentally friendly initiatives, such as the electric autonomous cars.
Benefits and threats of future mobility patterns
Global megatrends such as urbanization, globalization, population growth and aging, increasing social disparities, along with a decrease of European Union fossil fuel reserves as part of the world share to a shrinking 1.3 %-projected to be exhausted by 2030-are influencing emerging mobility patterns, largely based on technological advancements and ICT connectivity [19] . These are anticipated to shape decisively the future of transport and AVs in particular, offering benefits but also establishing threats if not taken into account and addressed at an early stage [35, 46] . Since no comprehensive tests, models or deployment have taken place at a large scale to date, it is not possible currently to extrapolate any trend at sufficient confidence levels [47] . Therefore this section reviews contemporary and upcoming patterns to offer an overview of the potential future mobility outlook and the respective impact groups (Table 2) .
Benefits
Safety is of paramount importance when assessing the benefits of autonomous cars given that there are more than a million road fatalities globally each year [48] . An anticipated outcome of AVs is less traffic accidents due to reduced human intervention and also increased personal safety due to the option to monitor one's journey through GPS and connected devices. The latter may be evident in both private cars and public transport [49] , though there are ethical concerns regarding the algorithms to be used for accident prevention. The deriving benefits by even a small improvement in safety levels would be noteworthy for users, city and government authorities, insurance companies as well as healthcare and policing services. In addition, AVs can allow drivers not used to local driving customs to drive anywhere globally e.g., a British driver to drive in Germany (driving left/right side of the road); someone used to driving with automatic gears to drive a rented AV when on holidays i.e., no exclusion due to the use of manual gearbox in that country; adjustment to local customs and legislation e.g., driving in Mediterranean or Middle East countries where driving seems more aggressive compared with northern European countries. Another common expectation driving research behind autonomous cars is the minimum-if any-requirement for human interaction during travel which minimises driving disutility, increasing comfort and offering the opportunity to engage with other work or leisure activities while on board. Better use of travel time in AVs can be useful both for urban and interurban trips, but naturally agglomeration effects would be more evident in urban areas. If these effects contribute to lowering transport costs per AV anywhere between US$2000 and US$4000 [20] , then this can be useful for New Economic Geography [50, 51] analyses which have transport as an integral component and may be used as a relevant theoretical framework. Other benefits for users will be the opportunity to use an autonomous car virtually anywhere in the world with minimal need for local adjustments, along with the ability to use an autonomous car without any age restrictions and the observed link to road fatalities. The U shaped curve (Fig. 2) essentially demonstrates that there is a higher risk of young and elderly drivers-compared to middle aged drivers-to be involved in fatal accidents the more they drive. Fatality rates with AVs will not be dependent on age, hence the flat line in cases 1-4. Depending on the actual safety rate (red dotted line) of AVs (when operational and according to the technological case realised), Table 2 Benefits and threats of future mobility facilitated through AVs categorised by impact group Impact group Benefits User Travel time is not driving time, so disutility decreases and comfort increases. Travel time may be used for other work/leisure activities.
AVs can allow the integration of culturally diverse users in cities globally. AVs can enhance demand for travel allowing passengers of any age to reach their destination safely.
Transport related social exclusion may be eliminated.
Government
Increased safety due to less accidents (mainly in the era when only AVs will be on the roads).
More parking space will become available and it may be used for other purposes by city authorities. If AVs are eco-friendly, there could be reduced air pollution and lower energy use from the transport sector.
Accessibility can improve for all travellers, including the elderly and disabled. Business
Significant business opportunities will arise for automotive manufacturers, particularly for conventional ones which decide to enter this innovative market.
Expanding databases and innovative use of Big Data will allow the emergence of business opportunities and new business models, creating value for stakeholders .
Logistics and supply chain business will reduce (congestion, time) costs through eco-driving, better route planning, V2x communication and platooning.
Impact group Threats User
High cost of 'smart' infrastructure (V2I) to accommodate AVs.
Local congestion may increase if the aggregate number of journeys increases. Cost of emerging mobility patterns can lead to social exclusion of certain groups if high. Identifying and assigning responsibility for car accidents may become more fuzzy. 'Digital divide' can lead to increased social exclusion.
Better use of travel time may increase travel time e.g., daily commute, resulting in higher aggregate energy demand at local and national level. Widespread use of AVs can reduce walking and cycling, increasing obesity and negative health impacts. Unintended consequences will arise such as privacy, surveillance and data management issues linked with ICT for transport or the threat of wireless hacking to gain unauthorised control of AVs. Government
The adjustment period when both conventional human driven and autonomous cars co-exist on roads could impose more car accidents. Deciding on the optimal route will be a challenge particularly during extreme events and principles may differ across cities complicating inter-urban journeys. Emergence of diverse technologies by competing actors may lead in lack of coordination and common legislation.
Reduced employment demand for drivers and car technicians, increasing government costs for retraining and/or unemployment benefits. Business
Better use of travel time may increase travel time to travel through routes with greater journey comfort leading to increased congestion.
Development of competing technologies by diverse actors may lead to inefficient use of resources and the evolution of competing standards internationally.
Vehicular communication network needs high transmission capacity equipment and proper penetration rate to achieve optimal transport performance.
V2x stands for any type of communication from a vehicle (V) to (2) another transmitter/recipient (x)
this fatality risk could be slightly reduced (e.g., cases 3-4), significantly reduced (case 2) or even eliminated (case 1) for all users, including the young and elderly. Through the use of social media and smartphone applications, cities can capitalize on the reduced demand for parking converting parking spaces to other useful and perhaps profitable land uses. The underlying assumption here is that due to the wider use of AVs-and particularly shared AVs-the total car fleet within a city will decrease. Having a smaller car fleet decreases demand for parking. This could be due to more efficient use of a single vehicle by different household members which will reduce the need for parking of this single vehicle-increasing its total VKT (Vehicle Kilometers Travelled), but reducing the total kilometers travelled per user. In short, the 'shared' AV car is expected to be travelling most of the day, unlike the 'owned' car which is parked most of the day. Astonishingly, the average car in the US remains parked for 96 % of the time [52] and space used for car parking in CBDs (Central Business Districts) can take up to 80 % of CBD land area [53] highlighting the potential of this transformation. Additionally, it has been estimated that in Singapore for example, the total current mobility needs of the city can be accommodated by approximately 1/3 of the current passenger vehicle fleet if it was replaced with a fleet of shared autonomous vehicles [54] . Such a move would hugely impact congestion and may also introduce environmental benefits through eco-driving, reduced idling or platooning of AVs which improves fuel efficiency and reduces the average travel time [55] . Equally, accessibility will be improved and transport related social exclusion arising from lack of access to car driving (e.g., due to disability which prevents driving or lack of a valid driving license) may be eliminated.
Furthermore, city and regional authorities will benefit by the installation and use of city dashboards, namely intelligent operation centers, 9 which will enhance traffic management by converting data collected through V2x technology to useful information. Being aware of bottlenecks and upcoming traffic will allow authorities to direct traffic and emergency response vehicles accordingly minimising delays within the overall transport network. Databases will expand continuously due to daily travel, which will allow local authorities to use Big Data observing trends and patterns in near real-time. Sharing such data in innovative ways under predefined conditions through Open Data platforms [57] can create value and generate revenues for local and regional authorities.
Moreover, gamification is another channel which can meet wider policy targets such as fuel saving, whilst at the same time opening up new markets for software development and marketing through individual or collective incentives [58] [59] [60] . At the moment it is estimated that about 5 billion devices are connected and this volume is anticipated to increase to around 25 billion by 2020, with automotive related devices constituting a major component [61] . Despite earlier similar forecasts not having been realised [62] , it is obvious that new business opportunities are arising concurrently for the transport and logistics sectors. European industry in particular is orientated to playing a leading role in this emerging landscape. The long anticipated Galileo launch and its in-car satellite navigation system [63] , the EU Research and Innovation Framework Programme H2020 priorities about 'smart' and 'green' Fig. 2 Fatality rates per distance driven using conventional vehicles and self-driving vehicles as a function of driver/user ageSource: [48] 9 City dashboards have existed for a number of years already (e.g., Amsterdam, Dublin, Leeds, London). However, the emergence of the 'smart cities' notion along with ringfenced funding from local, national or international authorities have allowed organizations to seize the opportunity and develop city and regional corporate solutions. IBM defines such services as Bhelping government leaders to manage complex city environments, incidents and emergencies with a city solution that delivers operational insights^ [56] . The Rio Intelligent Operations Center for Smarter Cities cost US$14 million, which demonstrates that a significant amount of commitment and investment is required for their implementation and success. transport, along with relevant national policies e.g., in The Netherlands or the UK (see The wider context surrounding autonomous cars section), will be instrumental in supporting European business development.
Threats
Urbanization trends in the 21st century may leave certain European and global regions unable to adjust their transport systems due to shrinking population (e.g., Detroit, Riga, Vilnius) which can result in lack of essential-but sometimes costly-'smart' infrastructure to accommodate AVs. Similarly, there is a risk of autonomous cars or shared transport services to be offered at high cost. The latter can face consumer resistance to purchase and may lead to social exclusion of lower income groups relying on car travel, since it has been estimated that the annual individual savings would average US$500 which will not offset the predicted incremental annual cost of AV use [64] [65] [66] . BMotorists spend on average US$2000 for fuel and US$1000 for insurance per vehicle-year. If AVs reduce fuel consumption by 10 % and insurance cost by 30 %, the total annual savings will average US$500 [ 64] . Thus, cost is a key dimension to focus on when deploying AVs and it can mainly be reduced through widespread adoption or a policy package approach [67] to achieve economies of scale. On an aggregate urban level, the pursuit of increased comfort during journeys [68] can lead to the selection of routes with less intersections or other characteristics, ultimately resulting in increased congestion and energy use. If autonomous cars are not going to be 96 % of their time parked, there may be adverse effects on congestion or energy use as more kilometres may be driven per car [69] . What is crucial to point out here is that the criteria and authority deciding on the optimal route are vital, as it may eventually mean that users will not have complete autonomy to select their travel route which may reduce their comfort and incentive to use autonomous cars. However, as Kitchin et al. [70] have stressed, taking such decisions solely based on data acquired through city dashboards could be risky since such information may be valuable but often not comprehensive. Data acquired through city dashboards may not be fully accurate due to the fact that not all travellers are using ICT and due to problems potentially faced by the technology used resulting in missing or inaccurate data.
Arising complexities may be even higher at a national level since identifying and assigning responsibility for car accidents may become more fuzzy, increasing insurance premiums [71] . Given also that the average car age in the EU-15 area was 7.5 years in 2004-i.e., before the Eurozone crisis-with cars in Luxemburg being changed every 3 years on average, whereas in Greece they were changed every 13 years [72] , the transition period when both conventional and autonomous cars will be used may have to be over a decade. Therefore, the lack of coordination and common legislation could be a major threat regarding accident liability [73] or fuelling the digital divide and deriving social and spatial exclusion. Governments will also have to consider seriously unintended consequences such as privacy, surveillance and data management issues linked with ICT for transport [74, 75] . A contemporary case in the US 10 identified the threat of wireless hacking to gain unauthorised control of AVs (or even existing NHTSA Level 1-2 vehicles), which triggered approval of the Security and Privacy in Your (SPY) Car Act of 2015 at a national level [78] . The storage, management and use of mobility data either generated by autonomous cars, by V2I sensors or by smartphone apps are still at an embryonic stage and initiatives such as the Privacy Impact Assessment [79] should be used more widely at European or international levels to identify and address such concerns.
From a business perspective, it is imperative to have in place reliable ICT infrastructure since autonomous cars require high quality communication networks with high transmission capacity equipment aside from a high market penetration rate to achieve optimal performance. Although mapping issues [80] may be overcome while technology matures, a key barrier in developing such networks may be the parallel development of competing technologies which would mean inefficient use of resources due to a lack of common international standards. Additionally, businesses should ensure that evolving services address the needs of the so called 'invisible groups' [81] , those social groups which are not the majority or the average, since those needs are rarely taken into account at the design phase [82] despite them constituting more than 15 % of the global population [83] .
A threat which is often neglected and is at the core of this paper is the risk of autonomous cars leading to the renaissance of the private car against the 'peak car' theory and at the expense of public and NMT (non-motorized transport). The latter risk is particularly relevant for small and medium sized cities of less than 500,000 inhabitants which form more than 90 % of the cities in Europe [84] . If these vehicles are offered dedicated lanes to travel at the early deployment stages and in combination with ICT advancements, such evolution could lead to the resurgence of sprawled development and its interconnected impacts [47, 85] . Such impacts include higher obesity levels or other negative health impacts intertwined with lower levels of walking and cycling [86] which may exacerbate social segregation between those able to afford AVs and those who will not.
On the whole, it is yet unclear whether AVs will deepen or revert the 'peak car' phenomenon based on the aforementioned evidence. If aggregate vehicle kilometres travelled within a city are reduced due to technological improvements (e.g., advanced V2x navigation) or car sharing 11 and early findings of simulations such as in Singapore can be confirmed, then 'peak car' may become widespread with a lasting impact. On the contrary, if AVs introduce higher demand for longer commuting trips (better use of travel time increasing well being) [88] and if the car sharing element results in more aggregate vehicle kilometres travelled, then 'peak car' may be reverted even in developed countries where it has been detected. There are benefits in either case though, since on one hand commuting time can be reduced increasing working or leisure time. On the other hand employers may benefit by increased productive time of their employees while on transit or employees may benefit by more leisure options while commuting (Fig. 3) .
Choosing between the blessing and the curse According to Stokes [4] who broadly abides to the 'peak car' theory for the UK, various scenarios are possible for the future. His analysis predicts a minor increase of the overall car use per person of less than 1 % by 2019 and then a 3 % decline compared to 2013 levels by 2036. Additionally, he suggests that a larger proportion of older (+65) women (>60 %) will have access to a car as a driver in 2036 compared to less than 40 % in 2012. This increase from <40 % to >60 % is important as it will increase accessibility for elderly women who may feel excluded nowadays as they cannot drive. This can increase inclusion and gender equity as driving licenses have to be renewed periodically after the age of 65 in several countries. Going back to the 'peak car' phenomenon we reiterate Stokes' (2013) main conclusion that given what is known about 'peak car' we cannot forecast future levels of car use at sufficient confidence levels. An important point to take into account from this phenomenon in some developed countries is that car travel does not have to rise perpetually, even at times when there is no evidence to suggest we travel less. Even more important, the 'peak car' phenomenon presents a unique opportunity to shape and influence not only future mobility levels (how much we travel) but also how we travel. Hence it can be said with high certainty that AVs will have a decisive effect on future mobility.
Burns [89] ends his praise for the driverless cars by saying: BWe must bring together technology, systems design methods and business models to supply better mobility at low cost to consumers and to societies^(p: 182). This is an attractive proposition with which it is almost impossible to disagree. But it is the exact same thinking that brought the mobility benefits of the 'with-driver' private car and the high-carbon mobility with it, the one we now try so hard to move away from. If it is hard to get people out of their cars it can be expected to be harder to get people out of their autonomous cars given the higher number of available options to use travel time for work or leisure. Travel time will then be seen as useful time, namely not wasted time decreasing travel utility. If we will choose to go down the road we now try so hard to escape, the AVs will with high certainty be a curse.
At the same time and as noted previously, AVs offer a unique opportunity to de-privatise car use through sharing [90] . This could have a transformative impact on our mobility. Even more so if sharing will be in the form of more than one individual or groups using the car interchangeably (sharing can take place temporally and spatially). Using AVs to boost car sharing has the potential to reduce environmental impacts [2, 55, 64] . Yet, this is often taken as given not considering at all any unintended consequences, especially overlooking the potentially large rebound effect stemming from overcoming the reality of wasting time while in the car (or, put in other words, the potential to use time more productively while in the car) especially when trying to find a parking space. Given that transport is the sector with the highest growth in terms of energy use and that 96 % of all transport uses fossil fuel [91, 92] , fuel resources and green transport are intertwined. Akyelken et al. [93] describe a continuum that runs from car owning on one hand, through car and bike sharing, to public transport on the other-the ultimate and full sharing mobility service. The AV opens up the opportunity for new 'green' autonomous public transport. Building up on the use of driverless trains (e.g., Docklands Light Railway in London), this may take many different forms (see The wider context surrounding autonomous cars section) transforming public transport to a stronghold of our transport and mobility system. Hence the AV can certainly be a blessing.
Whether the AV locks us further in or out of the 'car based society' depends on the choices we make as a society, not solely on a specific technological development. For the AV to be a blessing and not a curse, technological development has to be intertwined with societal change in the way we view cars and our mobility. If societal change would make it possible to perceive public and sharing as superior to private and individual transport, then autonomous vehicles could definitely be seen as a blessing for future mobility.
Likewise, AVs can have an important role in either sprawled or compact development, but building up on current use and experience with the private car, they will more likely contribute to sprawl and its effect on, for example, increasing per capita energy consumption by private passenger transport [94, 95] . 12 Recent evidence for the USA has shown that 11 Car sharing reduced car ownership levels in a US sample by half [87] . 12 We are aware that there are opposite views about this, for example Cox [96, 97] .
sprawled development imposes external costs of around US$400bn annually on residents of sprawled areas and residents of other areas [85] . Comparing Atlanta and Los Angeles, which experience almost 90 % private motorised transport within their territory, with Berlin, London, Mumbai or Hong Kong, where the respective share is less than 1/3, showcases the different role of the private car in cities worldwide [2] . Consequently, we must seriously weigh the benefits alongside the threats of AVs and this is achieved here by evaluating a survey about sharing transport modes in London.
Corresponding to a previous survey (n>2000) in the US and the UK about the intention to use AVs where 49 % were positive [98] , a recent survey (n = 1023) concluded that Londoners are currently concerned about low carbon mobility and are willing to use shared transport modes including bicycles and electric cars. Nevertheless, the high sample proportion (58 %) willing to use a shared EV scheme may be translated as a willingness to stop using the bicycle sharing scheme. Therefore, there might be a risk of a reversal to higher car use in the future [99] .
Evidence suggests that 'smart growth' community residents typically own 10-30 % fewer vehicles, drive 20-40 % less, and use alternative transport modes 2-10 times more than in car-dependent locations [85] . Are AVs 'smart' just because they are based on advanced technology? Will they still be 'smart' in the context of moving towards low carbon mobility if used privately and not publicly? What the discussion above mainly aims to demonstrate and highlight is that AVs, and technological development in general, are not a policy and cannot be a policy. The widespread use of AVs, like any technological development, is one important policy measure (or tool) in whatever transport and mobility policy we choose to promote as part of a wider strategy, and this is how they should be seen. Even with the promising advances in the development of the AV, there are still very hard and challenging policy decisions to make and options to choose from.
How to proceed from here
In the high-carbon mobility business-as-usual scenario and with the AV fully developed and becoming the central element in the mobility and transport system, it is likely that for the first time in history we will break from the one-hour per day (on average) travel time budget [15, 100] . If we could sleep, meet, work and eat in the AV while travelling, then travel time will become a utility, not a disutility. The implications are immense, not only for value of travel time estimation, and encompass probably every aspect of life, physical and social.
While there are undoubtedly good reasons for the excitement associated with the development of the AV, policy and research alike must take a cautious approach towards its development. Governments-national and regional-will have to take steps to critically examine transport policy strategy in light of the AVevolution. More importantly, research that goes well beyond the technical, safety, regulatory and commercial aspects of AV development and deployment must be carried out. The social aspects of adopting the AV and especially who will be able to access it and who will not; the travel behaviour implication of eliminating the need to drive; the infrastructure investment and the land use alterations required; all need to be carefully assessed within a research framework which is free from any commercially vested interests.
In fact, the contemporary goal of most transport policy plans to shift people out of their cars into walking, cycling and public transport still applies. But the potential for this shift is much larger with the AV. Even if the focus is currently on the autonomous car, the autonomous public transport [101] offers much more potential and AVs could prove to be the key success factor for a transport system that relies on public transport. Gains can even be extended if such autonomous public transport is integrated with higher levels of walking and cycling especially for the last mile travel [86] . The AV technology in a way does not make a big difference for transport policy, but at the same time it can make it much easier or harder to achieve the transport policy goals we set. Since the AV is imminent, the choice will have to be made and the sooner we make an informed and realistic decision on the role of the AV in the future mobility and transport system, the better. Otherwise we will find ourselves on the road we so hard try to get off from today.
As alluded to above, in many respects and despite its revolutionary flavour, the AV does not change much when it comes to deciding on the main principles for transport policy. Revising Table 1 , the choice between pathways A, B or C remains the same and is still challenging both options, namely with and without the introduction of AVs. These choices must be made now, otherwise we are sure to continue on the business-as-usual pathway of high-carbon mobility. Surely it will be inevitable to have a transition period of AVs, semiautonomous and manual cars coexisting on roads as with the uptake of any other new technology. Thus planning should be cautious taking into account the benefits and threats (see Benefits and threats of future mobility patterns section) until the use of AVs gains broader momentum and we make up our minds about their public or private element [44] and until effective legal frameworks evolve.
In a post-economic-crisis Europe, it is important to prioritise environmental targets whilst minimising costs and the need for new infrastructure. Also with the AV we will have to decide if we fight climate change and reduce air pollution; if we support European business to become a global leader in this field or if we allocate funds to other sectors; if we preserve, increase or reduce travel speed (overall within the transport system) and if we plan our cities for people or for (autonomous) cars. Applying a package approach [67] could allow several targets to be met, ensuring that we meet not only the likely but also the desirable outcomes. Those desirable outcomes should allow benefits to be dispersed across different impact groups and geographical locations across Europe and elsewhere.
For that reason, research on AVs should be multidisciplinary and inclusive, addressing dissimilar issues ranging from vehicle navigation and the effects of V2V on fuel efficiency to public acceptability and legal barriers while testing autonomous public transport in practice. Designing and assessing all aspects of AV trials such as those taking place in Michigan or Trikala is an indispensable step in testing innovative technologies, whereas promoting future collaborations between research, industry and government will only be beneficial, allowing a synergetic development model to emerge which can be replicated in more sectors. In essence, these efforts will inform decisions about the long-term impacts of new technologies on transport and urban form, the evaluation of these impacts and the kinds of governance which work successfully for the transport system [19, 40, 55, 68, [102] [103] [104] .
The role of government in a pre-AVs era is critical and should focus, as it should always do, on policy, particularly transport policy and land use policy in this case. Governments should also observe the market, providing useful frameworks or regulations where needed, allowing however core profit driven actors to enter and reap any investment risks or rewards. Nevertheless, governments should find ways to incentivize AV development in alignment with its broader policy, which should remain achieving low carbon mobility.
